Abstract-Nonlinearity and time-variance in Radio Frequency (RF) circuits leads to unwanted harmonics and intermodulation products, e.g. in power amplifiers and mixers. This paper reviews a recently proposed multipath polyphase circuit technique which can cancel such harmonics and intermodulation products. This will be illustrated using a power upconverter IC as an example. The upconverter works from DC to 2.4 GHz, and the multipath polyphase technique cleans its spectrum up to the 17th harmonic, keeping unwanted spurious responses more than 40dB below the carrier. The technique can also be useful for other applications, and some possible applications will be discussed.
I. INTRODUCTION
Wireless radio communication has recently experienced an enormous growth, pushing radio transceiver technologies to use scarce available radio spectrum as effective as possible. Nonlinearity and time-variance in RF transceiver circuits are two important RF impairments resulting in non-optimal use of radio spectrum, as they cause spectral components interfering with other radio channels. Fig.1 illustrates this point, taking a radio transmitter as an example. To produce significant output power, typically in the range between 1mW to 10W, power drivers and power amplifier circuits with transistors working at large signal swings are used. Thus non-linearity of the transistors plays an important role, resulting in harmonics (see Fig.1 ) and intermodulation distortion products at many unwanted frequencies [1] . As the power efficiency of most amplifiers increases for higher signal swings, it is desirable to drive the amplifiers to a level close to their compression point.
Apart from nonlinearity, a time-variant transfer function can also introduce many unwanted frequency components. A hard-switched up-conversion mixer as shown Fig. 1 can be modeled as a linear time-variant circuit, with a linear transfer from the base-band (BB) input to RF-output, which changes sign instantaneously with the state of the local oscillator (LO) signal. If a square wave LO-signal switching with 50% duty cycle is assumed, the BB-signal is not only upconverted to ω LO , but also to unwanted higher odd harmonics with a relative strength of 1/3, 1/5, 1/7, etc. compared to the fundamental. Thus the 9th harmonic is still stronger than 20dB below the fundamental, which is often problematic.
In order to avoid this unwanted harmonic mixing, the input signal could be multiplied by a sine wave signal using a highly linear multiplier. However, realizing a linear multiplier is much more difficult than a hard-switched mixer, and the generation of a clean sine wave is also problematic, especially for a large frequency range. Typical sine-wave oscillators, e.g. LC oscillators have only a limited tuning range in the order of 5-50%. If a larger tuning range is needed, digital dividers are commonly exploited to divide the VCO frequency. As digital circuits benefit from Moore's law, we strongly prefer flexible digital synthesizer techniques over analog sine wave generation. However, this means we have to find a solution to suppress unwanted harmonics.
In traditional radio transmitters, these unwanted products are rejected using dedicated band-pass filters typically implemented using inductors and capacitors (LC filters). We like to avoid such filters, especially on CMOS chips, as they require high quality inductors which are difficult to implement and/or take large chip area. Especially when a flexible choice of the frequency is wanted, e.g. to realize a software defined radio platform, such filters are problematic as LC band-pass filters work at a fixed frequency related to the LC-resonance frequency, which limits the flexibility in choosing a TXfrequency. The next section reviews a polyphase multi-path technique [2] [3] to eliminate these filters or relax their requirements significantly. In section III we will discuss a way to implement the different phases using mixers, and in section IV an example of a power up-converter exploiting the technique. Section V discusses alternative application directions and section VI draws conclusions. Fig.1 shows a nonlinear circuit excited by a single sine wave at ω, producing a wanted output signal at ω but also unwanted harmonic distortion at 2ω, 3ω, 4ω, etc.. Fig.2 shows a polyphase 3-path circuit, cancelling many harmonics of ω [2] . The basic idea is to divide the nonlinear circuit of Fig.1 into 'n' equal smaller pieces, and apply an equal but opposite phase shift before and after each nonlinear circuit. If the phase shift in path 'i' is (i-1)×φ, where φ is a phase shift constant satisfying n×φ=360°, the circuit will produce the same fundamental tone as in Fig.1 , but cancel many harmonics. Mathematically this can be shown using a power series expansion, assuming a memory-less weakly nonlinear system. If the signal x(t) = Acos(ωt) is applied to the input, the output of the nonlinear circuit of the ith path can be written as:
II. POLYPHASE MULTI-PATH CIRCUITS FOR SPECTRAL PURITY ENHANCEMENT
Where a 0 , a 1 , a 2 , a 3 …. are Taylor series constants characterizing the nonlinearity [1] . From equation (1), it can be seen that the phase of the 'k th ' harmonic at the output of the nonlinear circuit rotates by 'k' times the input phase (i-1)φ. The phase shifters, -(i-1)φ, after the nonlinear blocks are required to align the fundamental components at ω in phase again. The signals at the output of these phase shifters can be written as: In equation (2), the phase of the fundamental component is identical for all the paths, but the phases of the harmonics are different for each path. If the phase φ is chosen such that φ=360 o /n, then all the higher harmonics are cancelled [2] , except for the k th harmonics for which k equals j×n+1 (j=0, 1, 2, 3, ..).
The simplest example of a polyphase multi-path circuit is a well-known differential circuit driven with balanced (antiphase) input signals. It cancels all even harmonics (no cancellation of k=j×2+1, i.e. odd harmonics).
A system with three paths is shown in Fig.2 . In this case, phase shifts of 0°, 120° and 240° are added before the nonlinear block to path 1, 2 and 3 respectively, and equal but opposite phases -0°, -120° and -240° behind the block. Due to the nonlinearity, the phase rotation for the k th harmonic is k times the input phase. Thus the respective phases at the output of the nonlinear block for path [1, 2, 3] are [0°, 120°, 240°] for ω, [0°, 240°, 120°] for 2ω and [0°, 0°, 0°] for 3ω products. Fig.2 also shows how the phases of the harmonics at the output of each path combine. Only the fundamental components add up in phase (ω-arrows), while the vectors for the second and third harmonics create a "balanced structure" at the output, resulting in a zero sum (cancellation). However, the fourth harmonic components will align in phase again, and will add up like the fundamental. The output spectrum in the lower part of Fig.2 shows that the 2nd, 3rd, 5th, 6th etc harmonics are cancelled and the first non-cancelled is the fourth for a 3-path system. Similarly for a 4-path system the first non-cancelled harmonic will be the fifth harmonic and in general for an n-path system the (n+1)th harmonic is the first non-cancelled harmonic. Theoretically, an infinite number of paths is needed to cancel all the harmonics. However, in practice higher order harmonics are weaker than low order harmonics and need not all be cancelled. Also, some filtering will in practice always be present, e.g. due to the limited bandwidth of an antenna or the speed limitations in a circuit. Moreover mismatches will put a practical limit on what is feasible [2] .
If the non-linear system is excited by a two-tone input signal x(t) =A 1 cosω 1 t+A 2 cosω 2 t, besides harmonics the output will also contain intermodulation products at new frequencies pω 1 +qω 2 , where p and q identify harmonics of ω 1 and ω 2 respectively, and can be positive or negative integer numbers. It can be shown [2] that most intermodulation products are cancelled, except if p+q equals j×n+1 (where j=0, 1, 2, 3, … ).
III. MIXER: PHASE AND FREQUENCY SHIFTER
To realize wideband harmonic rejection using a polyphase multi-path system, we need very wideband phase shifters before and after the nonlinearity. This is because all phase shifters need to have a constant phase shift over all relevant frequencies involved in the cancellation process. In a DSP intensive radio transmitter, digital signal processing techniques can be exploited to realize phase shifters before D/A conversion and nonlinear power amplification. Therefore, a good solution can be to shift this polyphase generation problem to the digital domain, and use a DSP followed by multiple DACs to generate multi-phase baseband signals. However, behind the nonlinear element we are in the analog domain, and there can be many harmonics. In that case cancellation of a multitude of harmonics requires a constant phase shift over many octaves of frequency.
A very wideband phase shifter can be implemented with a mixer, since a mixer as shown in Fig.1 , harmonics 1, 4, 7 ,.. are not cancelled).
information of both the "baseband" (BB) and "Local Oscillator" (LO) port to the output. Whatever phase is added to the LO signal will appear at the output of the mixer. So by replacing the second set of phase shifters in Fig.2 with mixers, as shown in Fig.3 , we can achieve a wideband phase shift but simultaneously we will get frequency conversion.
As upconversion is desired in a transmitter circuit anyway, this fits nicely to our goal. However, a mixer produces not only a sum frequency but also a difference frequency. Usually only one of these is the wanted signal, while the other ("the image") needs to be suppressed. Moreover, the LO-signal usually is a square wave containing many harmonics, because flexible frequency synthesizers rely on digital dividers, as discussed in the previous section. For power efficiency reasons it is also highly desired to use a switching mixer and a large BB-signal swing, e.g. a single transistor with switch as shown in Fig.3 . Thus, the output spectrum for one path will now contain a forest of harmonics and sidebands as shown in Fig.3 for the case with a single-tone BB-signal. Spectral components occurs at frequencies Lω LO ± Bω BB , where L and B are integers, due to the multiplication of the square wave LO with the baseband input signal BB, and also the nonlinearity of the circuit. In the next section we will see how we can exploit the polyphase multipath technique to cancel almost all the unwanted components.
IV. FILTER-LESS POWER UP-CONVERTER
A power upconverter combines the functionality of a power amplifier and upconversion mixer. The PA and mixer can be as simple as shown in Fig.3 , which is equivalent to first amplification and then mixing. Here the PA is a single transistor operating as transconductor (V-I converter), which is switched on and off by the LO signal via a switch (NMOS transistor driven by a digital inverter). Thus the V-I conversion and upconversion is done in the same circuit, via a switched transconductor mixer [4] . With respect to efficiency this circuit resembles a single transistor (class A) power amplifier. However, due to the polyphase multipath technique distortion products are cancelled and larger signal swings can be tolerated, improving efficiency.
Unfortunately, a few problematic products remain still present at the output. Since we have two input ports now (BB and LO), and mixing produces several sum and difference frequencies, a slightly different condition for non-cancelled products is found [10,11] (L=j×n+B where j=….-2, -1, 0, 1, 2…, and B is a positive or negative integer number). Especially the 3ω LO +3ω BB is troublesome because the 3rd order distortion term is usually much stronger than higher order distortion components [1] and is also close to the desired signal. It cannot be cancelled with any number of paths as all products for which L=B are not cancelled (j=0 case, so independent of n). To eliminate the strong 3ω LO +3ω BB terms, the duty cycle of the LO was chosen to be 1/3 [3] . By doing so, the 3rd, 6th, 9th, etc harmonic terms disappear from the Fourier series expansion, however some even order terms appear. Fortunately, it is quite easy to cancel even order products by using a differential baseband input (balancing).
To demonstrate the feasibility of a highly flexible multipath transmitter, we designed a power upconverter in 0.13µm CMOS, covering all frequencies up to 2.4GHz. To show wideband spectral cleaning we designed an 18-path system, which can clean-up the spectrum up to the 17th harmonic [3] . Fig.4 shows the output frequency spectrum for a transmit frequency of 350MHz for one path (no cancellation) and for the complete 18-path system (lower part of Fig.4) . Clearly all problematic products are suppressed significantly. Please note that the unfortunate FM-radio spurs that are modulated with our output signal are caused by a 100MHz high power FM-radio broadcast transmitter on the roof of our building. Overall, 10 chips were measured with harmonic components <-40dBc up to the 17th harmonic of the LO, for an LO-frequency from 30-800MHz. For higher frequencies the chip has a 6-path mode which was measured for 30MHz-2.4GHz with similar rejection up to the fifth harmonic of the LO.
The multi-path technique cleans the output spectrum from unwanted harmonics, which result from the hard-switching mixer, but also from non-linearity in the switched transconductor. Simulations and measurements show that we can drive the power upconverter close to its 1dB compression point with harmonics well below -40dBc. For 1.2V supply voltage we can realize a 2.5Vpp output voltage swing directly over a differential 100Ω load, without impedance transformation, corresponding to 8mW output power.
At this point it might be useful to compare the polyphase multipath technique to another well-known harmonic rejection mixer technique [5] . In [5] , also multiple mixers driven with multi-phase square-wave LO signals are used, as in Fig.3 . However, the phase shifters before the nonlinear blocks are missing and all mixers have the same input signal with the same phase. The harmonic rejection is achieved by weighting factors on mixer input signals (i.e. 1:√2:1) and 45-degree phase difference between the LO phases to suppress the 3rd and 5th harmonic, to emulate a sinusoidal LO signal. In contrast, the polyphase multipath technique uses no amplitude weighing factor, but only phase shifts before and after a Figure 3 . Polyphase n-path transmitter using mixers as phase shifters, where each path can be as simple as a transistor with switch. Due to timevariance (switching) and nonlinearity the output spectrum for 1 path has many harmonics and sidebands, which can be cancelled using n paths. nonlinear element. The polyphase multipath technique not only addresses harmonic mixing, but also cancels harmonics produced by nonlinearities in the BB to RF transfer.
V. OTHER APPLICATIONS
Nonlinearity and time-variance does not only occur in radio transmitter circuits, but in many other circuits. Therefore the polyphase multipath technique is potentially useful for many other applications. Two examples relevant for RF transceivers will be discussed: an RF receiver and a frequency synthesizer.
In wideband receivers, e.g. for traditional analog TV and for new digital TV standard such as DVB-H, harmonic mixing is a problem because channels are spread over a wide input frequency range so that harmonics can be in the same band with the desired channel, or because other applications reside at frequencies which are harmonically related to the desired channel (e.g. an undesired 1800MHz GSM signal at the third harmonic of a 600MHz wanted TV-band signal) and pre-select filter cannot deliver sufficient suppression. Polyphase multipath circuits can be useful to attenuate unwanted harmonic mixing products. A possible implementation can be using multiple mixers driven with polyphase LO-signals to realize the first phase shifters in Fig.2 , while the second phase shifters can be realized using a vector multiplier principle (weighted addition of a I and Q signal). Recently we discovered this idea of implementation has been developed independently by others [6] (based on a different principle of emulating a sinusoidal LO signal), and applied in a harmonic rejection mixer/tuner.
Frequency synthesis is another application field where polyphase multipath circuits may be used with advantage. In frequency synthesis systems, single sideband mixers are often used to generate the sum or difference frequency. This is for instance the case in Ultra Wide Band receivers which apply very fast frequency hopping (e.g. <10nsec hop time [7] ). These hop-times are much too small for a typical Phase Locked Loop to settle. A solution is to synthesize the wanted frequencies as sums or differences of continuously available generator signals. E.g. for UWB roughly 3.5GHz, 4GHz and 4.5GHz are needed, which can be generated from 4GHz and 500MHz via single sideband mixers. Only one product is wanted in this case, which asks for a single-sideband mixer. However, often higher harmonics introduce unwanted spurious components in the frequency synthesizer output signal. A polyphase multipath circuit can operate as a singlesideband mixer with the added advantage of also suppressing such unwanted spurious components. This eliminates filters which are others needed [7] . Especially when ring oscillators are used, which often produce multiple phases of an oscillator signal, it can be rather straightforward to implement the polyphase multipath technique.
VI. CONCLUSIONS Nonlinear and/or time-variant behavior of radio transceiver circuits is useful to realize frequency conversion, but also produces many unwanted harmonics and sidebands. This paper reviewed a polyphase multi-path technique that rejects many of these unwanted products, without using any dedicated filters. Using this technique, a highly flexible power upconverter has been realized on in CMOS, operating at an arbitrary frequency between DC and 2.4GHz, with unwanted harmonics and sideband lower than -40dBc up to the 17th harmonic. Also, we discussed potential other applications like circuits for radio receivers and frequency synthesis.
